Slit3 along with Slit1 and Slit2 comprise the Slit family of proteins. The latter two proteins are known to be involved in axon guidance and cell migration during animal development. However, little is know about the functions of Slit3. We created a Slit3-deficient mouse model from an OmniBank ES cell line with a Slit3 allele trapped by insertional mutagenesis to analyze the in vivo functions of this protein. In this model, congenital diaphragmatic hernia is the most obvious phenotype. Herniation was found to be caused by a defective central tendon (CT) of the diaphragm that remained fused with the liver. Electron microscopic analyses of the defective CT revealed disorganized collagen fibrils that failed to form tight collagen bundles. The hearts of Slit3-deficient mice have an enlarged right ventricle. In addition, 20% of homozygous mice also showed a range of kidney defects that include unilateral or bilateral agenesis of the kidney and ureter, or varying degrees of renal hypoplasia. Thus, we concluded that Slit3 is involved in the development of multiple organ systems that include the diaphragm and the kidney. Slit3-deficient mice represent a genetic animal model for physiological and pathological studies of congenital diaphragmatic hernia. q
Introduction
Congenital diaphragmatic hernia is a severe disorder that has a high mortality rate among infant. Depending on the location of the defect on the diaphragm, various organs of the peritoneal cavity can be herniated into the pleural cavity, which includes the intestine, liver, stomach, and spleen. The etiology of congenital diaphragmatic hernias is not known. In laboratory rat, pericardo-diaphragmatic hernia has been associated with vitamin A deficiency (Warkany and Roth, 1948) . Prenatal exposure to 2,4-dichloro-phenyl-p-nitrophenyl ether (a toxic herbicide also known as nitrofen) can cause a dorsal lateral type hernia (Kluth et al., 1990) . Whether genetic susceptibility contributes to the formation of various congenital diaphragmatic hernias is unknown.
The Slit family of secreted protein molecules exists in C. elegans, Drosophila, and mammals. Slit proteins consist of four leucine-rich repeats (LRR) and nine epidermal growth factor (EGF)-like domains. In Drosophila, Slit is expressed by midline glial cells (Rothberg et al., 1990) . It is the ligand for the transmembrane protein called roundabout (Robo) , a member of the immunoglobulin superfamily (Kidd et al., 1998; Zallen et al., 1998) . Both Slit and Robo are required for appropriate crossing of axons at the midline (Kidd et al., 1998; Rajagopalan et al., 2000a,b; Simpson et al., 2000a,b; Battye et al., 1999; Zallen et al., 1998) . Furthermore, Slit repels muscle precursors causing them to migrate away from the midline in Drosophila Bashaw and Goodman, 1999) . In vertebrates, Slit1, 2, and 3 bind to Robo receptors (Robo-1, Robo-2, and Rig-1) (Nakayama et al., 1998; Itoh et al., 1998; Brose et al., 1999; Li et al., 1999; Wang et al., 1999; Holmes et al., 1998) and are involved in axon guidance (Nakayama et al., 1998; Holmes et al., 1998; Itoh et al., 1998; Brose et al., 1999; Li et al., 1999) . In vitro culture studies show that Slit proteins repel motor, olfactory, dentate gyrus, and retinal ganglion axons (Ba-Charvet et al., 1999; Brose et al., 1999; Li et al., 1999; Erskine et al., 2000; Ringstedt et al., 2000; Niclou et al., 2000) . Interestingly, Slit2 protein is multitalented as it also promotes axon growth and branching of sensory axons . A guidance role for Slit proteins in neuronal migration is also implicated. They repel populations of migrating neurons destined for the olfactory bulb and the cerebral cortex in in vitro assays Zhu et al., 1999; Hu, 1999) . The repulsive activities of Slit proteins occur within the LRR domains of the Slit molecules (Chen et al., 2001 ). In addition, Slit2 regulates netrin functions. Slit binding to Robo silences the netrin-attractive signal by Robo directly binding to deleted in colorectal cancer (DCC), a netrin receptor (Stein and Tessier-Lavigne, 2001 ). Mice deficient in Slit2 or both Slit1 and Slit2 show guidance defects in retinal ganglion, corticofugal, callosal, and thalamocortical axons (Bagri et al., 2002; Plump et al., 2002) . The Slit/Robo repulsive signal is mediated in part by the proteins Enabled (Ena) and Abelson (Abl) and by the Rho family of GTPases, which are regulated by srGAPs (Bashaw et al., 2000; Wong et al., 2001) . At the cell surface, the Slit -Robo interaction is influenced by cell-surface heparan sulfate, where heparan sulfate is required for the repulsive activities of Slit2 (Hu, 2001) . Thus, Slit functions are regulated at multiple levels.
Whereas most studies have focused on the functions of Slit1 and Slit2, little is known about the functions of Slit3. Northern blot hybridization shows high expression of Slit3 in the heart, ovary, intestine, thyroid, and developing lung and kidney (Itoh et al., 1998; Nakayama et al., 1998; Piper et al., 2000) . Analyses by in situ hybridization of whole mount embryos have shown that Slit3 is expressed in the ventral neural tube such as the floor plate and motor columns (Holmes et al., 1998; Yuan et al., 1999) . It is also expressed in the optic vesicle, the cochlea, the retina and olfactory epithelium, and the developing limb bud (Vargesson et al., 2001) . Detailed expression analysis was performed for the developing and adult brain (Marillat et al., 2002) . It is found that Slit3 is expressed mainly in the adult hippocampus. These expression data suggest that Slit3 functions in a wide range of organs/tissues either during development or during adult life.
In this report, we analyze the phenotype of Slit3 knockout mice created by gene-trapping.
Results

Expression of Slit3 during mouse development
Expression of Slit3 within the developing central nervous system (CNS) has been analyzed extensively by in situ hybridization methods. Although its expression outside the CNS has also been documented, expression in tissues such as the diaphragm has not been reported. To examine Slit3 expression outside the CNS during development, we analyzed E13.5 developing mouse embryo by in situ hybridization with a 35 S-labeled antisense Slit3 riboprobe. The probe is a 650 bp Slit3 cDNA fragment (nucleotide 2659-3312 of the open reading frame) highly divergent from the other Slit genes. The sense probe produced only background hybridization signals (Fig. 1C, F, I , L, O, and R), whereas the antisense probe produced wide expression of Slit3 mRNA in the developing fetus (Fig. 1B, E , H, K, N, and Q). Prominent expression was detected on the superior part of the developing tongue (Fig. 1B) . In the developing kidney, intermediate messenchyme of the developing definitive kidney (see arrowheads in Fig. 1E ) showed high levels of expression. This expression pattern is consistent with in situ hybridization carried out on in vitro cultured developing kidneys (Piper et al., 2000) . The developing genital ridge and umbilical cord vein (arrows, Fig. 1H ) expressed high levels of Slit3 mRNA. Prominent expression was also observed on the atrial wall of the developing heart (Fig. 1K) , and the developing pharynx (Fig. 1K ). Wide expression of Slit3 mRNA was observed on the developing lung (Fig. 1N) . Weak but consistent expression was also noted on the developing diaphragm (see arrows in Fig. 1Q ). Thus, Slit3 is widely expressed during mouse development, suggesting that Slit3 may be involved in the development of multiple organs and tissues.
Generation of Slit3-deficient mice
The OST106158 sequence, obtained by single-pass sequencing, matches with nucleotide sequence 506-803 of the mouse Slit3 cDNA sequence counting from the initiation codon (Fig. 2) . This sequence comparison identified the mouse Slit3 gene as the gene-trapped in the OST106158 ES cell line. The insertion site is located 5 0 of exon 6, which is located in the middle of the first LRR domain of Slit3. The endogenous Slit3 promoter would direct transcription of a truncated Slit3 mRNA transcript that can only produce the N-terminal half of LRR 1, which is likely to be nonfunctional.
To create a Slit3-deficient mouse, the OST106158 ES cell line (originally derived from 129/SvJ) was injected into the C57BL/6 blastocyst to generate chimeras. Four chimeric mice were obtained and were crossed with C57BL/6 mice to generate heterozygotes (Slit3 þ /2 ). Slit3 heterozygotes (þ /2 ) were mated to produce homozygotes (2 /2 ).
Southern blot analyses were carried out to genotype the newborn mice. As homozygous, heterozygous, and wildtype mice carry 2, 1, and 0 copies (respectively) of the Neo resistance gene in their genome, it was possible to identify them by comparing Southern blot intensities when hybridized with a Neo probe. Fig. 3A shows a typical autoradiograph of this genotyping strategy by Southern blot intensity of the Neo probe. A genomic fragment of the CSK probe was hybridized together with neomycin probe to ensure that the same amount of genomic DNA was used for each sample. The intensities of the CSK probe indicate relative amount of genomic DNA used for Southern blot analyses. By comparing the Neo intensities with the CSK intensities, it was determined that samples 1, 2, 5, 6, 9, and 10 were heterozygotes; samples 7 and 8 as were wildtypes; and samples 3 and 4 were homozygotes.
Dramatically reduced expression of Slit3 in homozygous mice
We first used in situ hybridization with the Slit3 antisense probe to determine whether Slit3 expression is indeed reduced in homozygous mice. The most prominent region of Slit3 expression is in the hippocampus. We therefore examined the expression of Slit3 in the adult hippocampus of the mutant mice. Whereas the granule cells of the dentate gyrus of wildtype animals ( Fig. 3C ) gave intense hybridization signals to the antisense Slit3 probe (see arrowhead), indicating high levels of expression, the homozygous animals did not respond with detectable hybridization signals (Fig. 3D ). The blue lines in Fig. 3D (arrow) are background antibody staining, not hybridization signals. Thus, no Slit3 mRNA could be detected by in situ hybridization in homozygous animals.
Because RT-PCR is a much more sensitive method of mRNA detection than in situ hybridization, we attempted to determine whether Slit3 mRNA could be detected by PCRbased method. We used three primer pairs that amplify from 5 0 , middle, and 3 0 of Slit3 coding sequence, respectively. Similar results were obtained from all the primer pairs. Fig. 3B shows the results obtained with a primer pair that amplifies from the 5 0 region of Slit3 message. Slit3-specific 300 bp fragment was observed after 27 cycles of amplification of total RNA from wildtype animals (lanes 1 and 2, top panel). By contrast, such fragments could not be obtained from the total RNA of homozygous mice. As a control, 27 cycles of amplification easily detected b-actin mRNA from all samples (Fig. 3B , bottom panel). Thus, Slit3 mRNA was not detectable with 27 cycles of RT-PCR reactions. To determine whether any Slit3 mRNA could be detected in the mutant, we increased the number of PCR cycles to 35. As shown in the middle panel of Fig. 3B , Slit3-specific fragments were obtained from the homozygous animals after 35 cycles of amplification, suggesting that there was a remnant expression of Slit3 mRNA in the homozygous animals.
To further characterize the remnant Slit3 expression in homozygous animals, we used real-time PCR to quantify the differences in Slit3 expression between homozygous animals and wildtype animals. A typical example of realtime PCR carried out on total RNA from a wildtype (black) and a mutant (red) is shown in Fig. 3E and F. The left panel shows the graphs for b-actin, and the right panel shows the graphs for Slit3. b-Actin PCR crossing points were very similar for both the wildtype and the mutant (16.70 and 16.66, respectively), indicating that a similar amount of total RNA used for RT-PCR. By contrast, Slit3 PCR crossing points differed substantially. The wildtype had a crossing point of 23.75, and the mutant had a crossing point of 28.92, a difference of more than five cycles, suggesting that there were substantially less Slit3 mRNA in the mutant sample compared with the wildtype sample. We analyzed four wildtype animals and five homozygous animals and compared their crossing points with the standard curves of b-actin and Slit3. The mutants consistently had far less Slit3 mRNA detectable (Table 1) . The Slit3/b-actin ratio in the wildtype animals averaged 0.111786. By contrast, the mutant animals averaged at 0.001654, representing 1.48% of wildtype levels ðp , 0:05Þ: Using a different primer pair for Slit3, similar results were obtained as the mutant animals had Slit3 mRNA reduced to 1.27% of the wild type animals ðp , 0:05Þ: Thus, the mutant animals had dramatically reduced levels of Slit3 mRNA.
Congenital diaphragmatic hernia in the mutant mice
We have genotyped 514 adult animals derived from heterozygous crossings, 155 as wildtypes (þ /þ , 30%), 308 as heterozygotes (þ /2 , 60%), and 51 as homozygotes (2 /2 , 10%). Less than 25% of expected homozygous animals suggests premature death; however, the surviving homozygous animals are viable, and at least some of them are fertile. They exhibit various degrees of phenotypes. The most obvious phenotype of Slit3-deficiency is congenital diaphragmatic hernia. Shown in Fig. 4A is a typical phenotype found in homozygous animals. Most herniated organs are located on the right side of the pleural cavity; this configuration pushes the heart to the left and separates the heart and the thymus. The orientation of the heart is twisted such that the right ventricle faces ventrally. The shape of the heart thus becomes abnormal with apparent enlargement of the right ventricle. When viewing the mutant hearts with a light source from the bottom, the enlarged right ventricles are clearly seen (see arrows in Fig. 4B ). It should be noted that enlarged right ventricles are only found in adult homozygotes that have hernia. Newborn homozygotes (postnatal day 5) with hernias did not show any obvious shape changes in the heart. The hernia is located on or near the ventral midline portion of the central tendon (CT) of the diaphragm (see Fig. 5A and B for examples). All hernias include the liver and the gall bladder, while some also include the intestine. All hernias are covered with a sac that is continuous with the diaphragm. In the ventral part of the hernia, the peripheral muscular portion of the diaphragm is seen in direct opposition to the herniated liver. The two tissues are separated from each other and not fused (Fig. 5C ). At the junction between the muscle and the central tendon, the CT is found to be fused to the underlying liver (Fig. 5D) . The CT is composed of several layers of fibroblasts and collagen fibers. This fused CT covered the entire rostral surface of this liver lobe (Fig. 5E ). In the dorsal part of the hernia the sac is continuous with the central tendon. In normal mice, the CT is never seen fused with the liver. The failed separation of the CT from the liver is obvious when compared with the normal liver at the corresponding locations (Fig. 5F ) where the bare area of the liver is seen.
The fact that the sac covering the herniated organs is rich in fibroblasts and is continuous with the CT of the diaphragm suggests that it is a defective part of the CT. We examined the ultrastructure of the CT of the mutant mice at the location of herniated liver with transmission electron microscopy and compared it with the normal CT. In the normal CT ( Fig. 6A and B) , fibroblasts are spindleshaped with collagen fibrils between the extracellular spaces. Tight compact collagen bundles are well organized and tightly associated with the cells. In homozygous animals, however, the collagen fibers in the sac are disorganized. They are separated by vast spaces from the cells and among themselves without forming tight bundles (Fig. 6C -F) . Because collagen bundles provide the most strength to tendons, lack of such bundles would weaken the CT and thus cause herniation. While most of the fibroblasts in the homozygous appeared to have normal spindle-shaped morphology, some appear more rounded (Fig. 6E) . Although collagen fibers were disorganized in the affected CT, their synthesis appeared normal. It appeared that collagen fiber assembly process was affected such that tight collagen bundles were not formed. Another noticeable change in the mutant CT was that rough endoplasmic reticulum was more prominent and found in most fibroblasts (Fig. 6D) . By contrast, rough ER was not as commonly found in the normal CT fibroblasts. This suggested more active protein synthesis than the wildtype controls. This is perhaps a compensatory change as hernia enlarges the CT in the homozygous animals.
The size of the hernia varies. Of 35 adult homozygous animals sacrificed, 33 animals had hernia and only 2 (both females) did not. Animals with no or relatively small hernias exhibited a similar body weight as their same-sex littermates; however, animals with severe hernia had obvious smaller abdomen and weighed less. The smaller abdomen is due to the fact that some organs herniate into the pleural cavity.
It appeared that the hernia became more severe as the homozygous animals grew. When analyzed at birth, only the left medial lobe and right medial lobes of the liver and gall bladder were found to be partially herniated in most animals. Complete herniation of one or both of the lobes is rare. We have never seen a newborn animal with herniated intestines. Hernias in adult animals are found to be bigger relative to the pleural cavity and hernia of intestine is often found. Complete herniation of one or some liver lobes is also often seen in the adult.
Kidney and ureter agenesis in the mutant mice
Because only 10% of heterozygous crossings were determined to be homozygous, we suspected that some animals might have died before genotyping was carried out. We therefore paid attention to the newborns and retrieved 22 newborns that died during the first two days after birth. We were able to genotype 12 of the dead newborns while the rest did not give good quality genomic DNA. A total of 10 out of 12 were homozygous. Five of them had severe hernia. Two had unilateral kidney agenesis and ureteral agenesis (Fig. 7A) . Two had bilateral kidney agenesis and ureteral agenesis (Fig. 7B) . Adrenal glands and bladder were identified in these animals (see arrows for adrenal glands). The identity of the adrenal glands was confirmed by H&E staining of the sections (not shown). Three homozygous dead newborns were found to have normal diaphragms and also two kidneys. Unilateral agenesis of the kidney is not expected to cause perinatal lethality. Further studies are required to determine why some homozygous animals without diaphragmatic hernia and bilateral kidney agenesis died perinatally.
To determine if there are other types of kidney abnormalities, we analyzed 12 homozygous newborns at postnatal day 5 that appeared healthy. While they all had hernia, one had unilateral kidney and ureteral agenesis, and two were observed to have additional types of kidney abnormalities. In one mouse, the left kidney was much smaller than normal (Fig. 7C) while the right kidney appears to have normal shape and size. In the other mouse, the kidneys were abnormally shaped and the left kidney extended to the right side and appeared physically connected. The smaller kidney and the abnormally shaped kidneys (shown in Fig. 7C and D) were processed for paraffin sections and stained by H&E. In both cases, well-developed glomerular structures were observed (Fig. 8A -C) . However, the cortex appeared thinner (Fig. 8C ) when compared with wildtype control (Fig. 8D) . We counted glomeruli in one every 10 sections. The runted kidney had only 222 glomeruli while a wildtype control kidney had 1325 glomeruli indicating reduced number of glomeruli in the runted kidney.
For the abnormally shaped kidney shown in Fig. 7D , the left kidney extended to close apposition with the right kidney, but the two kidneys were not joined.
Unilateral kidney and ureter agenesis was also found in adult homozygous mice. Of 35 homozygous adult animals analyzed (6 -10 weeks old), seven animals (20%) were missing the left kidney and left ureter. Also, the left adrenal gland was not found in all of these animals. The right kidney often appeared to be larger than the wildtype kidney. Otherwise, homozygous kidneys appeared normal in size and shape. On H&E-stained sections, the mutant kidney (Fig. 8E) showed tissue architectures indistinguishable from the wildtype kidneys (Fig. 8F) . Thus, although Slit3-deficiency causes kidney and ureter agenesis in some animals, when the kidneys form most appear normal. In addition, the mutant kidneys with normal morphologies appear to function normally. The urine albumin to creatine ratios of the mutant and wildtype/heterozygous controls are similar. While the mutant had a ratio of 0.031^0.010, the controls had a ratio of 0.029^0.012 ðp ¼ 0:91Þ:
Discussion
Among the three Slit proteins identified in mammals, Slit1 and Slit2 have been more widely studied. Only mRNA expression data by northern blot analysis and in situ hybridization have been reported for Slit3. In this paper, we report the phenotypic analysis of Slit3-deficient mice derived by gene-trapping. The most prominent phenotype is congenital diaphragmatic hernia caused by errant formation of the CT. The diaphragm is formed from amalgamation of several structures that include a central anterior portion of the septum transversum, mesentery of the oesophagus, pleuro-peritoneal membranes, and a peripheral component from the body wall. The CT of the diaphragm differentiates from the anterior part of the septum transversum. It separates from the developing liver and differentiates into tendonous structures mainly composed of fibroblasts and collagen fibers. The collagen fibers strengthen the tendon. In Slit3-deficient mice, the ventral part of CT never detaches from the anterior part of the liver, and affected CT is composed of disorganized collagen fibers that do not form tight collagen bundles. Even though collagen fibers are produced and appear to be produced at levels equivalent to the wildtype, the lack of proper fibrillogenesis could weaken the CT. Hernia probably results from higher pressure in the peritoneal cavity than that in the pleural cavity.
It is not clear why Slit3-deficiency leads to CT defects. There are several potential mechanisms that may explain why Slit3 is required for the development of the CT. First, Slit3 could be involved in collagen fibril formation in cooperation with other factors in the CT. Collagen fibril formation may be inhibited in the absence of Slit3. Expression of Slit3 in the developing diaphragm is consistent with this idea. Second, Slit3 could be involved in maturation of the fibroblast cells. It is possible that fibroblasts in the CT may produce defective collagen in the absence of Slit3. However, electron microscopic analysis did not show any obvious changes in fibroblast morphology suggesting that CT fibroblasts developed normally. Third, the liver may secrete a factor(s) that is inhibitory for collagen fibrillogenesis. CT fused with the liver would be directly affected. Fourth, there is a possibility that defective CT development may be secondary to an abnormality in diaphragmatic musculature development. Since muscle fibers appeared normal in the anterior part of the diaphragm in Slit3-deficient mice, this possibility seems less likely. Further studies are required to elucidate how Slit3-deficiency results in nonseparation of the CT with its underlying liver and defective collagen fibrillogenesis in the CT.
The location of hernia at ventral CT in Slit3-deficient mice is similar to the human pericardo-diaphragmatic hernia. It is not known how genetics is involved in pericardo-diaphragmatic hernia. Interestingly, vitamin A deficiency during pregnancy has been reported to cause pericardo-type diaphragmatic hernia in rats (Warkany and Roth, 1948) . Another type of human hernia that resembles Slit3-deficiency in mice is the Morgagni hernia. The defective location in Morgagni hernia is at the Foramen of Morgagni. This congenital defect can affect parts of liver, colon, or stomach. It can be associated with dextrocardia, septal defect, urinary tract anomalies, spina bifida, Down syndrome, and mental retardation. However, the CT is not reported to be defective in Morgagni hernia, which is likely to be an important difference. In addition to the liver and the intestine, the stomach is often herniated in Morgagni hernia. We have not found stomach being herniated in Slit3-deficient mice. Other conditions that may be associated with Morgagni hernia include dextrocardia and ventricular septal defect. In the mice, the heart is pushed to the opposite side, as compared to the Morgagni hernia, and a septal defect has not been observed.
The defects observed in the heart are likely secondary. As hernia takes much of the volume of the pleural space, lung volume is naturally reduced. Pulmonary hypertension would be expected and can lead to enlarged right ventricles. That the enlarged right ventricle is likely secondary is supported by the fact that the two adult mutant mice that did not have hernia. Their right ventricles appeared normal (data not shown). Although Slit3 is expressed in high levels in the developing atrium walls, we did not observe any obvious defects. Further studies are needed to determine whether more subtle changes exist in the heart. Whereas most homozygous mice have both kidneys with normal appearances, kidney and ureter agenesis is found in about 20% of the homozygous mice that survived to adulthood but in 40% of homozygotes that died in the neonatal period. We hypothesize that Slit3 may function at early stages of kidney development, perhaps during the induction of the definitive kidneys. Without Slit3, kidney induction may be incomplete in some embryos. High levels of Slit3 expression in the intermediate messenchyme is consistent with this hypothesis. Low level of penetrance may be caused by other unidentified modifier genes. If that is the case, backcrossing to congenic strains will be required to obtain more consistent phenotype.
Recently, Yuan et al. (2003) reported an independent line of Slit3 gene targeted mice. Similar to our Slit3-deficient mice, their line is also in a mixed C57BL/6/129/SvJ genetic background. The major congenital diaphragmatic hernia phenotype is similar in both lines of mice. However, there appear to have some differences. While we observed substantially reduced number of homozygous animals from expected Mendelian ratio due to neonatal lethality of some homozygous newborns, their line of mice did not deviate from Mendelian ratio significantly. In addition, they did not report any defects in the kidney and the heart. The most likely cause for phenotypic discrepancies is random genetic drift in both lines of mice. Again, backcrossing to congenic strains will be required to clarify this issue.
Congenital diaphragmatic hernia is a severe neonatal disorder with unknown etiology and genetic susceptibility. Nitrofen-induced diaphragmatic hernia has long been a rodent model for studies of the physiology of congenital diaphragmatic hernia. Slit3-deficient mice provide an excellent genetic model with which the development of the diaphragm can be studied. In the future, it will be interesting to determine whether any human congenital diaphragmatic hernia is caused by mutations in Slit3 gene.
Experimental procedures
Animals and identification of the Slit3 gene-trapped ES cell line
At Lexicon Genetics Incorporated (The Woodlands, TX), a systematic effort of targeting the entire mouse genome by a gene-trapping strategy has been carried out. By random insertion of retroviral vectors into the genome of mouse embryonic stem cells, various genes have been trapped, identified by 3 0 rapid amplification of cDNA ends (3 0 RACE), and catalogued in the Omnibank database (Zambrowicz et al., 1998) . We searched the Omnibank database with mouse Slit3 cDNA sequence and identified an ES cell line named OST106158, in which the Slit3 gene was trapped. Slit3 gene-trapped mice were generated at Lexicon Genetics Inc. (Houston, TX). Wildtype littermates were used as controls for comparison with homozygous mice. Handling of experimental animals was conducted in accordance with Case Western Reserve University institutional guidelines.
Genotyping
Genotyping of wildtype, heterozygous, and homozygous mice was performed by standard Southern blot analysis. Genomic DNA was isolated from the tails and digested with EcoRI. Ten micrograms of digested DNA from each sample was separated on 0.8% agarose gels and blotted onto positively charged nylon filters. The filters were hybridized with two probes: a neomycin (Neo) probe and a probe for C-src tyrosine kinase (CSK). The CSK probe hybridizes to normal mouse genomic sequences whereas the Neo probe hybridizes only to fragments derived from inserted retroviral sequences. The wildtype has 0 copies of the Neo gene and thus the wildtype DNA does not hybridize to the Neo probe. Heterozygotes have one copy of the Neo gene, and thus the heterozygous DNA should give a hybridization signal. Homozygotes have two copies of the Neo gene, and this hybridization signal from homozygous DNA should be twice as intense as that of heterozygotes. Using the CSK hybridization signal as the reference for the relative amount of genomic DNA used for each sample, it is possible to determine the genotypes by the copy numbers of Neo gene.
Histology
For histological analyses, fixed tissues were dehydrated and processed for paraffin sections. Sections were mounted onto slides and rehydrated and stained with hematoxylin and eosin (H&E) staining.
In situ hybridization
A 653-bp polymerase chain reaction (PCR) fragment of mouse Slit3 (corresponding with nucleotide 2659 -3312 of the open reading frame) was subcloned into pCR2.1 w -TOPO w vector (Invitrogen, San Diego, CA). This region is highly divergent amongst three Slit genes with less than 50% overall homology. The probe covers a region from exon 25 to exon 31. It is highly specific for Slit3 and does not cross-hybridize with Slit1 or Slit2 for in situ hybridization. In situ hybridization with 35 S-labeled probes on paraffin sections was carried out according to the procedure of Micales and Lyons (Micales and Lyons, 2001) . Some in situ hybridization was carried out with DIG-labeled probes. Hybridization signals were then detected by alkaline phosphatase (AP)-conjugated anti-DIG antibodies, which was followed by color development with BM-purple AP substrate (Roche Diagnostics, Indianapolis, IN).
Reverse transcription-polymerase chain reaction
To determine Slit3 expression in homozygous mice, gene specific reverse transcription (RT)-PCR was carried out. Slit3 is encoded by a total of 36 exons. A total of three primer pairs were used. Each primer pair (5 0 , middle, and 3 0 ) amplifies from different regions from Slit3 coding sequence. The 5 0 primer pair were: forward, ACCAGGATCAC-CAAAATGGA and reverse, TTCAAGGCAGCT-GATGTGGT. This primer pair covers nucleotides 220 and 519 from the initiation codon. They amplify a region from exon 2 to exon 7. The expected fragment length is 300 bp. The middle primer pair were: forward, CTCAAGGA-GATTCCCATCCA and reverse, GGGCACTGCTGT-TAAATGGT. This primer pair amplifies a region from nucleotide 2086 to nucleotide 2304 from the initiation codon of the open reading frame from exon 19 to exon 21. The expected PCR product is 231 bp. The 3 0 primer pair were: forward, GTCTCTCCTGGCTGCAAATC and reverse, CACACGTAGGAGTCCCCAGT. This primer pair amplifies a region from nucleotide 3982 to 4172 from the initiation codon within exon 34 to exon 35. For all RT-PCR reactions, b-actin was used as an internal control. The b-actin primers were: forward, AGCCATGTACGTAGC-CATCC and reverse, TCTCAGCTGTGGTGGTGAAG. The expected PCR product is 228 bp. RT-PCR was carried out on 1 mg of total RNA with SuperScripte One-Step RT-PCR with Platinum w Taq (Invitrogen, Carlsbad, CA) using manufacturer's recommended temperature cycling conditions. The number of PCR cycles was 27 or 35.
Real-time RT-PCR
To determine the relative expression levels of Slit3 mRNA, real-time RT-PCR was carried out with LightCycler-RNA Amplification Kit SYBR Green I (Roche Diagnostics) on a LightCycler (Roche Diagnostics) according to the manufacturer's suggestions. RNA was extracted from the newborn brain or heart. Real-time RT-PCR was carried out with first two pair of the three primer pairs. Again, b-actin was used as the internal control and the same primer pair was used.
Total RNA extracted from a wildtype brain was used as a calibrator. The copy numbers of Slit3 and b-actin mRNA in the calibrator were given arbitrary values of 100. A series of dilutions were made and standard curves of Slit3 and b-actin mRNA were generated from the dilutions after RT-PCR with respective primer pairs. The copy numbers of Slit3 and b-actin mRNA in each total RNA preparation was derived from the standard curves that were generated together with the samples. The copy number of Slit3 mRNA in each sample was then calculated as a percentage of the copy number of b-actin mRNA.
Electron microscopy
Tissues were fixed in 0.1% acrolein/3% glutaraldehyde/1.5% formaldehyde in 0.1 M cacodylate buffer and postfixed in 1% osmium tetroxide. After washing, the tissues were stained en bloc with 1% uranyl acetate and dehydrated through an ethanol series and embedded in Poly/Bed 812 resin (Polysciences, Warrington, PA). The thin sections were then stained with 2% uranyl acetate and Reynold's lead citrate (Polysciences). The samples were observed and photographs were taken with a Jeol JEM-1200EX electron microscope (Jeol USA Inc., Peabody, MA).
